ground-penetrating radar (GPR)) methods. The results of TÜBİTAK-111Y111 project were also used.
Introduction

21
A landslide is a mass movement and can occur in different forms. Koyulhisar landslide area is one of the largest 
26
Koyulhisar is also an active landslide area and for the past 17 years, there has been observed an increase in 27 landslide activity (Tatar et al., 2007; Över, 2015) . The large and small landslides in Koyulhisar landslide area 
35
Koyulhisar district center is on an old landslide that occurred in the form of circular rotation. The front of this
36
landslide mass is open, it is always active, activity is not massive and usually in the form of local landslides 37 occurring on the groundmass (Sendir and Yılmaz, 2001 ).
2
The triggering mechanisms of landslides are often complex and further understanding is needed to 39 facilitate the prediction of mobilizations as well as adequate stabilization and remediation measures. Therefore, it 40 is important to investigate the reasons that affect the formation mechanisms and the formation of landslides.
41
Different engineering (geology, geophysics, geodetic, etc.) disciplines have great role and importance especially 42 in decreasing the landslide effects. They can help to prevent damage by prediction and early warning. In this 43 context, Koyulhisar landslide area was examined in a wide area with detailed global navigation satellite system 44 (GNSS) methods and the studies of other disciplines (geology, geochemistry, seismology, meteorology, remote 45 sensing) ( 
59
The geophysical studies were carried out in a limited area where the first geophysical studies took place.
60
In particular, seismic tomography (seismic refraction tomography (SRT), multi-channel seismic wave analysis
61
(MASW)) and ground-penetrating radar GPR applications are preferred methods in landslide studies. The 62 structural geometry of the landslide area was delineated based on an interpretation of the collected geophysical 63 data. These are the seismic V P velocities, thickness, tilt and direction of the layers. Thus, other features such as 64 the sliding surface depth of the landslide, landslide type, advancement direction, and the risk situation were also 65 revealed, and geophysical and other study results were shown to be compatible with each other. The studies 
94
Koyulhisar is about 180 km away from Sivas city center. The study area is located in the west of Koyulhisar 95 town center and in the north of the NAFZ (Fig. 1) 
98
Formation is the youngest unit in the region. It was stated that the youngest unit consisted of the talus (slope or 99 deposit) and fluvial conglomerates and was seen along the strike-slip faults (Toprak, 1989 ). Toprak (1989) 100 divided the NAFZ which is represented by a right lateral strike-slip fault zone into five fault sets including the 
123
As it is seen in Fig. 2 , the study area is located in an active area in terms of seismicity (Fig. 2) . The 124 seismological history, the magnitude (M) of which is greater than 2.5, of the examined area and its surrounding 125 were investigated for this article. 
138
Large earthquakes affecting Koyulhisar district also occurred in the region. These largest earthquakes are 139 in the south of the NAFZ or Suşehri district and a total of three large earthquakes with M≥5.6 occurred there 140 (Över, 2015) . Among these, the 1992 earthquake is closest to the study area with the least depth but the second 141 largest earthquake (Fig. 2) . This earthquake is an earthquake with 6.1 magnitudes that occurred 10 km below the 142 ground. The large earthquakes in the south of Suşehri district which is just 13 km away from the study area 
Meteorological and geodetic results
154
The data regarding the rainfalls with the effects of triggering the landslides are presented in Table 1 and 155 Fig. 3a and Fig. 3b (MGM, 2016; Hastaoğlu et al., 2015) . With these data, the rainfall status of the study area 156 and its surrounding was examined by months as average annual rainfalls and the annual areal amount of rainfall.
157
According to the data obtained between 1950-2015 in Table 1 , the rainy periods are generally between October- 
168
In Fig. 3b , GNSS studies and multi-disciplinary studies of Hastaoğlu et al. Table 1 which were reprepared for the study which is the 173 subject of this article were associated with the results of GNSS studies (Fig. 3b) . The monthly and annual 
191
results. On the other hand, it was understood that the precipitation increased by the decrease in temperatures. It is 192 also seen that the total annual amount of rainfall increased about 2-fold in 2014 compared to 2013 (Fig. 3a-b) .
193
According to all results, rainfalls are considered to be effective in triggering of the landslide because the ground 
209
data were collected along multiple transects in two different areas of the study area named A and C (see Fig. 4 ).
210
Then, the geophysical profiles were processed to the satellite map according to the coordinates along with the 211 topographical elevation curves and GNSS measurement locations for the ease of interpretation (Fig. 4a) .
212
Geophysical measurements were taken due to the geologic bedding and topographic features (Fig. 4b-c) . SRT
213
profiles and on these seismic profiles GPR profiles in the area defined by A in Fig. 4b is approximately in the
214
NE-SW (SRT2, SRT4, GPR2, GPR4)) and NW-SE (SRT3, SRT5, GPR3, GPR5) directions (Fig. 4b) . Similarly, 
219
The profile shooting technique in the seismic study, hammer and iron plate of 8 kg weight as the source
220
P geophone of 14 Hz (the total number of geophones is 12) and Geometrics branded seismic device as the 221 receiver was used while collecting the SRT data. In all profiles, the geophone interval was 5 m, offset distance 222 was 2.5 m, the sampling interval was 256 ms and the record length was 512 ms. The geophones were 223 respectively fixed on the ground within the selected geophone range and their connections with the seismic 224 device were made. Then, seismic measurements were recorded by starting from the offset distance of 2.5 m,
225
reducing to sledgehammer plate and making at least 5 times shots between each geophone, respectively. In the 226 evaluation of the SRT data collected in the field, SeisImager program was used for displaying, processing and 227 evaluation of the seismic refraction waves. The marking of the first arrivals of the SRT data was performed using
228
Pickwin, and the evaluation of the first arrival data was performed using Plotrefa module. The GPR data were 229 collected by Ramac2 device using a shielded antenna of 250 MHz. The GPR data were processed in Reflexw 
240
and saved in the "Correct for two layers" option. Thus, the models were converted from m to ns and the GPR 241 sections were prepared for interpretation. Thus, the collected geophysical data were converted into 2D (two-242 dimension) elevation-distance (SRT) and depth-distance (GPR) sections by assessed in the appropriate software.
243
The geophysical study area is one of the most active locations of the landslide area. As it is seen in Fig.   244 5, geomorphologically the landslide cracks on the surface, displacement traces, and structural damages in the 245 study area and its immediate surroundings can be monitored clearly in this activity area. Visibly, the damaging 246 effects of still active or old landslides on residences, roads and walls are also observed easily by field 247 observations. Therefore, none of the damaged constructions are used in the Koyulhisar.
248
Geophysical analysis, results and discussion
249
Geophysical interpretations were made according to these sections and compared with the results of the other 250 studies.
251
SRT sections: 2D seismic cross-sections giving seismic V P -depth information are presented in Fig. 6 and 252
7. In the seismic data evaluation, the coincidence was provided with RMS (Root Mean Square) errors ranging 253 between 3.4-4.5% in 2D inversion operation. According to these sections, two or three layers were identified at 254 about 20 m depth ( Fig. 6 and 7) . It was understood that the tilts of these layers were southeast oriented, and their
255
tilt was greater than 5 0 . According to the average seismic velocities (V P ) calculated, three layers with the layer 256 velocities of 650, 1200 and 2100 m/sec were defined from top to bottom. Thus, the seismic V P velocities were 257 observed that they increased towards the depth. It was determined that the depth of the sliding surface varied 258 about between 3-7 m ( Fig. 6 and 7) . Therefore, these depths were defined as the layer with the risk of 
269
presenting a low-frequency high-amplitude sync-phase axis, which can be inferred as the sliding surface in Fig. 8 270 and 9. In other words, two layers were identified in GPR sections. The first layer is weak, loose, cracked, moved
271
and also have lost their tightness, and their seismic velocity is low. Therefore, in Fig. 8 and 9 , it was thought that 272 deformations developed on the sliding surfaces due to the geology of the study area in A and C area. It was 
282
landslide furrows, scarps, collapsed zones, and cracks were observed in the GPR cross-sections ( Fig. 8 and 9 ). In 283 other words, the geological unit, the layer or topography slope and precipitation cause deformations in the loose 284 upper unit. Therefore, these structures may develop or occur in the landslide mass, as shown in Fig. 8 and 9 .
285
Additionally, the geological units were observed in DH wells in the geophysics study area (Fig. 4) . These 286 are mostly silty sandy clay and they have different characteristics above and below about 10 m in DH well. The 287 topography of the study area decreases from 925 m to 840 m and the elevation difference is 85 m (Fig. 4) . The 
299
found to be compatible. The seismic P-wave velocity (V P ) of the layers, the tilt, tilt direction of the layers, depth 300 of the sliding surface, sliding direction and the landslide type was determined from the geophysical sections. The 301 study area was identified by the layers with the average seismic velocities of 650 < 1200 < 2100 <… m/sec.
302
According to the geophysical cross-sections, it was identified that the depth of the sliding surface varied between 303 3-7 m due to the topographical differences. These depths were the depths with low seismic velocities (<650 304 m/sec) and defined as loose units which were also observed in geological drilling logs. It was determined that 305 sliding surfaces, landslide furrows, collapsed zones, scarps, cracks were observed in the landslide mass in the 306 GPR sections. It was observed that the layer tilt was generally more than 5 0 in all geophysical sections and 307 compatible with the geology and the flow direction of the groundwater. It was determined that the landslide type 308 in the area was planar sliding and the direction of sliding was SE.
309
The geophysical and other results were found to be compatible because it is known that the landslide 310 direction across Koyulhisar is in S-SW and SE. Consequently, the fact that the depth of the sliding surface over 311 the geologic unit is loose, the seismic velocity of the upper layer is low and the tilt is an excessive show that
312
there is a new risk of landslide in the area. The other factors that trigger the landslide were found to be associated 313 especially with the fact that the area is seismically active, receive heavy rain and has a poor vegetation cover. On 314 the other hand, it was thought that blasting and excavation performed by human intervention can trigger the 315 landslides due to the geologically loose unit. Hence, the landslide area can be a potential area which is open to 316 natural/artificial hazards. The identified risks and natural hazards also threaten the settlement area, the buildings 9 and other constructions (e.g. roads, walls, parks et al.) in Koyulhisar. Therefore, there is still a high landslide 318 hazard in the study area and its surroundings, and this hazard will also occur in the future. 
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